Introduction
Rechargeable lithium ion batteries (LIBs) with efficient outperformance are the most extensively used of various battery types, including nickel or lead-acid batteries [1, 2] . When compared to these batteries, LIBs are characterized by high energy density and power density, low self-discharge, low maintenance, lightweight, and long lifespan. The range of applications for LIBs is rapidly widening into areas such as flexible electronics and electric vehicles (EVs) [3] [4] [5] . Therefore, LIBs have been extensively employed since the first commercial products in 1991, and it is believed that this demand will continue to increase.
According to Nexeon, one of the LIB companies in the UK, the LIB market is predicted to grow to 60 billion dollars by 2020 [6] .
Currently, many portable electronic devices with many embedded convenient and elaborate functions, have been produced. The trend in recent lithium ion battery (LIB) research regarding energy sources has also been progressing toward development of more efficient and powerful electronic systems [1, 2] . This ever growing demand triggers expensive research for energy sources with power densities much higher than for conventional lithium ion batteries.
Graphite has been widely used as the typical anode material in conventional LIBs due to its advantages of low cost and high chemical stability. However, its theoretical capacity is 372 mAh g -1 , which is quite low given the increasing demands of a rapid shifting technology. To reduce this gap, novel materials exhibiting higher capacity are required to address the need for higher energy density and longer cycle life. Thus, various materials with high capacity (e.g. metals, metal alloys, and metal oxides) have been researched for use as anode materials [7, 8] .
Materials made of silicon (Si) have attracted much attention in LIB research. The combination of Si with lithium (Li) ions helps LIBs have a much higher specific capacity (4,200 mAh g -1 ), which brings us one step closer to a highly upgraded commercial LIB.
However, the Si material shows a large volume change during repeated intercalation and deintercalation of lithium ions, which causes the anode to crack and pulverize. This eventually leads to a poor life cycle, low mechanical stability, and a drastic drop in LIB performance. Structural modifications such as sandwich-structured Si [9] , Si-nanotubes (SiNTs) [10] , hierarchical nanoporous Si [11] , and Si-nanowires (SiNWs) [12, 13] have been introduced to manage such issue. However, preparation of such products requires many complex steps. Because of that, it is laborious to prepare Si materials of such peculiar design .
These result in costly products. showed a protective effect on the surface of the pristine LiCoO2 electrode [20] .
In this paper, we prepared three SSZs with different molar ratios of Si/Zr=0.5, 1, and 2, and investigated the effect of Si/Zr based on those performance. Then these were analyzed using the approach of thermodynamic and electrochemical studies. To the best of our knowledge, no studies have been reported for the effect of Si/Zr on SSZ in the lithium ion batteries, and if so, this would be the first report regarding the experimental investigationEach SSZ was denoted as 0.5-, 1-, and 2-SSZ. The electrochemical performances of SSZ, including galvanostatic charge/discharge, was extensively evaluated in half cells. 
Experimental

Preparation of composite materials
Characterization
The structure of the prepared samples was analyzed using X-ray diffraction (STOE, STADI-P) with Mo-Kα1 radiation. The synthesized materials were measured by Fourier
Transform Infrared spectroscopy (FT-IR, Spectra Two of Perkin Balmer). The recorded wave number range of the FT-IR spectra was from 400 to 4000 cm -1 . The microstructure and morphology were observed using high-resolution transmission electron microscopy (HRTEM, JEM-2100F and JEM-2100 Plus) and field-emission scanning electron microscopy (FESEM, JSM-6700F).
Electrochemical measurement
The negative electrode was composed of the active materials (SSZ), carbon black (Super P), and binder (polyvinylidene fluoride, PVDF), with a weight ratio of 50:30:20.
These were then mixed in N-methylpyrrolidone (NMP) and spread on a Cu-foil using a Dr.
Blade casting. The loading density on Cu-foil was around 2 mg cm -2 . This film was dried in a vacuum oven. Li-foil was applied as the counter electrode. The electrolyte solution was 1M LiPF 6 in ethylene carbonate (EC): dimethylcarbonate (DMC) with a volume ratio of 1:1, and
Whatman was used as a separator. CR 2032 type cells were assembled with these components in an Argon-filled glove box. Galvanostatic charge/discharge measurement was performeded using an Arbin battery tester within the potential range of 0.001-2.0 V (vs. Li/Li + ) at a current density of 100 mA g -1 . Sharp diffraction peaks were observed for 0.5 and 1-SSZ samples indicating the formation of a well crystalline structure. One broad peak at 2Θ=9.65 o and three small peaks at 13.7, 22.5, and 26.6 o were observed for 2-SSZ, indicating the reduced crystallinity of SSZ as compared with 2-SSZ. This could be nanocrystalline and/or amorphous structures. One broad band centered at around 9.65° in SiO 2 exhibited a sharper peak with a decrease in the Si/Zr molar ratio for the 1-SSZ. After that, the intensity of that peak was decreased for the 0.5-SSZ, and finally the peak was not observed for the ZrO 2 . The change in this intensity can be explained as follows: the Si ions for the amorphous SiO 2 were replaced by Zr ions in the SSZ. The peak for 2Θ=13.7 was observed in all the SSZ samples; however, it was not detected in the SiO 2 and ZrO2 samples. This peak might be a unique peak for the crystal SSZ phase with the Si-OZr bonds. water [24] . Therefore, these result showed that the particles of the three different SSZs were shows that there is a difference between the charge capacity and the discharge capacity of 2-SSZ. This could be due to the different structures among 2-SSZ, 1-SSZ, and 0.5-SSZ, where 2-SSZ was mainly amorphous structure whereas 1-SSZ and 0.5-SSZ contained predominantly the crystalline structure.
Results and discussion
Based on the capacity results of three electrodes, the 2-SSZ electrode has a better capacity and cyclability than that of the other two electrodes. Two possible reasons can explain these results. The first reason is the different mechanism for the insertion reaction between the guest and host materials. The second reason is the structural difference between the amorphous and crystalline structure. 2-SSZ has a majorly amorphous structure, which included with some crystalline structure.
The literature states that the amorphous structure has better cycling performance as compared to the crystalline [29, 30] . The crystalline structure would provide efficient pathways for electron transport to enhance the electrical conductivity and support the mechanically stable structure to reduce the volume expansion [31] . Thus, the combination of these structures suppressed the volume change of 2-SSZ, and finally resulted in an increased reversible capacity.
Conclusions
This paper was preceded to unveil the mechanisms through electrochemical analysis and to understand the effect of different Si/Zr molar ratios on novel anode material SSZ. The SSZ electrodes delivered a superior capacity when the molar ratio of Si/Zr was increased from 0.5 to 2. The specific capacity of 2-SSZ was much higher than that of 0.5-or 1-SSZ.
The 2-SSZ electrode also had superior cycling performance. This could be due to the formation of ZrSi 2 by 2-SSZ which would provide more effective reactivity with Li-ions intercalation and deintercalation upon Li-ions diffusion than that of Zr 2 Si or Zr 5 Si 3 from 0.5-SSZ or ZrSi from 1-SSZ. This result indicated that ZrSi 2 increased the possible reaction area for the guest species (lithium ions) at the empty interstitial site in the host materials. It could provide a large space to accommodate volume expansions, and it was supportive by maintaining the lattice constant and reducing the ratio of the structural distortion. In addition, 2-SSZ structure consisted of a majorly amorphous structure with a crystalline structure related to the Zr-O-Si bond. Such combined structutre was advantageous in providing a good capacity through amorphous structure and such efficient pathway for electron transport and little pulverization through the crystalline structure. With such benefits, the drastic volume expansion was reduced during repeated cycles, which led to the enhanced reversible capacity and the cyclability. This paper provides a fundamental understanding on the rational design of efficient binary oxide materials for lithium ions batteries and serves as a guide to help to determine the optimal performance of binary oxides.
